Ϫ1
l thigh volume Ϫ1 ), which has previously been shown to induce a maximal whole thigh blood flow of ϳ8 l/min. This response was compared with the blood flow induced by moderate-to high-intensity one-leg dynamic knee extension exercise. Adenosine increased muscle blood flow on average to 40 Ϯ 7 ml·min Ϫ1 ·100 g muscle Ϫ1 with an aggregate value of 2.3 Ϯ 0.6 l/min for the whole thigh musculature. Adenosine also induced a substantial change in blood flow distribution within individuals. Muscle blood flow during the adenosine infusion was comparable with blood flow in moderate-to high-intensity exercise (36 Ϯ 9 ml·min Ϫ1 ·100 g muscle Ϫ1 ), but flow heterogeneity was significantly higher during the adenosine infusion than during voluntary exercise. In conclusion, a substantial part of the flow increase in the whole limb blood flow induced by a high-dose adenosine infusion is conducted through the physiological non-nutritive shunt in muscle and/or also through tissues of the limb other than muscle. Additionally, an intra-arterial adenosine infusion does not mimic exercise hyperemia, especially in terms of muscle capillary flow heterogeneity, while the often-observed exercise-induced changes in capillary blood flow heterogeneity likely reflect true changes in nutritive flow linked to muscle fiber and vascular unit recruitment.
positron emission tomography THE POTENT VASODILATOR ADENOSINE is thought to be integrally involved in the regulation of skeletal muscle blood flow during exercise. Adenosine is also perhaps the most widely used pharmacological agent in both animal and human cardiovascular studies, but its effects on human skeletal muscle flow distribution and heterogeneity are poorly understood. Infused adenosine acts mostly on A 1 and A 2 receptors on the vascular endothelium with different downstream signaling pathways that activate both cGMP and cAMP in smooth muscle to induce vasorelaxation. Adenosine has frequently been used as a "high-flow" vasodilator to mimic exercise, and, in general, the magnitude of limb blood flow elevation is in the range of the exercise-induced increase (38) . However, it has been well established that there are large individual differences in myocardial blood flow responses to adenosine even in healthy subjects (4, 5, 50) , and a recent study (34) addressing forearm limb blood flow even divided individuals into adenosine responders and nonresponders. In addition to the contribution of nitric oxide (34) , the observed large variation in responses could be explained in part by differences in adenosine receptor density and/or sensitivity, but the possible changes in flow distribution within individuals could also contribute to these findings if adenosine induces a local flow increase differently between individuals.
Muscular exercise is generally known to affect not only mean blood flow but also blood flow heterogeneity between and within the working muscles (17, 20, 24, 27) . Blood flow heterogeneity simply means an uneven distribution of blood flow, and it is believed to play an important role in tissue oxygenation and nutrient exchange by affecting the matching of blood flow and metabolism (11) . At rest, the diameter of the terminal arteriole changes continuously, and thus blood flow in capillaries is also altered rhythmically (vasomotion), but during muscle contractions capillary units are recruited (8, 22) and the variable time frequency of capillary flow is diminished (16) , which likely contributes to the changes in the heterogeneity of O 2 supply in muscle. In addition to vascular unit recruitment, evidence has recently been shown that nitric oxide and prostaglandins, the factors that play a synergistic role in the regulation of bulk muscle blood flow, could also be working in the regulation of local muscle microvascular blood flow and flow heterogeneity (25) . It is, however, not well known how the exercise-induced changes in heterogeneity match with muscle fiber and vascular unit recruitment or how heterogeneity is regulated in humans.
The aim of this study was, first, to determine the role of adenosine in regulating muscle blood flow heterogeneity and whether the blood flow distribution in muscle during an adenosine infusion is similar to the pattern during voluntary exercise. In this regard, recent evidence has suggested that rather than controlling bulk blood flow levels, adenosine would contribute more substantially to O 2 supply distribution within the muscle (12, 20) . We hypothesized that high-dose adenosine would open all the muscle capillaries and reduce capillary flow heterogeneity, at least to the level observed by moderate-to high-intensity voluntary exercise (20) . If this were the case, it would strengthen the concept that adenosine plays a major role in regulating muscle blood flow during exercise in humans.
Secondly, we aimed to investigate what proportion of the adenosine-mediated thigh blood flow increment (38) is directed to the muscular vasculature. PET offers advantages for elucidating blood flow distribution within muscle and between nutritive and non-nutritive compartments, since with the PET radiowater technique only the capillary blood flow that actually reaches muscle cells is measured (28) . This is of significance since several findings have suggested that potent vasodilators such as adenosine or ATP may disturb the matching of blood flow and muscle O 2 demand by increasing not only blood flow to less-active muscle fibers but also to other noncontracting tissues such as skin and adipose tissue of the leg (2, 3, 32) . In this regard, we hypothesized that muscle accounts for the largest part of adenosine-mediated vasodilation and, thus, the total thigh muscle nutritive capillary blood flow would reach 80 -90% of the value previously reported to represent maximal total whole thigh blood flow.
METHODS

Subjects.
Nine healthy, fit young men (Table 1) volunteered to participate in the study. The purpose, nature, and potential risks of the study were explained to the subjects before they gave their written informed consent to participate. Subjects were not taking any regular medication but were allowed to eat their normal breakfast at least 3 h before the study. Subjects were requested to abstain from caffeinecontaining beverages such as coffee, tea, and cola drinks for at least 24 h before the experiments as well as from exhaustive exercise within 48 h before the study. This study was performed according to the Declaration of Helsinki and was approved by the Ethical Committee of the Hospital District of South-Western Finland and National Drug Agency.
Study design. Before the PET experiments, the antecubital vein was cannulated for tracer administration. A radial artery cannula was placed in the contralateral arm for blood sampling to quantify radioactivity. Cannulas were also placed under local anesthesia into the femoral artery with standard hospital practices (below the inguinal ligament, advanced 15 cm proximally) and the femoral vein for local drug infusion (adenosine) and blood sampling, respectively. Subjects were then moved to the PET scanner in the position with the femoral region in the gantry. Skeletal muscle blood flow in the femoral region (Figs. 1 and 2) was measured using PET with [
15 O]H2O, as described in detail below. Muscle blood flow was measured first under normal resting conditions and then at rest during an intra-arterial infusion of adenosine. After these measurements, blood flow was measured during one-leg dynamic exercise with moderate exercise intensity as previously described (24) . Additionally, brachial artery and femoral vein blood samples were drawn for measurements of the blood gas parameters needed for the analysis of limb O 2 extraction and O2 saturation.
During the study, systemic mean arterial pressure (MAP) was measured continuously (Omron, M5-1, Omron Healthcare, Hoofddorf, The Netherlands), and the heart rate and ECG were monitored.
Blood flow measurements and analysis. The tracer [ 15 O]H2O (radiowater) was produced as previously described in detail (46) . The ECAT EXACT HRϩ scanner (Siemens/CTI, Knoxville, TN) was used in the three-dimensional mode for image acquisition. This PET scanner provides an axial field of view of 15.5 cm and produces 63 transaxial slices with a slice thickness of 2.4 mm. Photon attenuation was corrected by transmission scans performed at the beginning of the resting and exercise PET experiments. All data were corrected for dead time, decay, and measured photon attenuation, and the images were reconstructed into a 256 ϫ 256 matrix. Thus, the voxel size in the present study was 2.6 ϫ 2.6 ϫ 2.4 mm, and blood flow was measured in voxels of 16 mm 3 and with a resolution of 5 mm. For the measurement of blood flow at rest, scanning was started 20 s after the bolus infusion of the tracer and during exercise simultaneously with the infusion. PET scanning consisted of the following time frames: 6 ϫ 5, 12 ϫ 10, and 7 ϫ 30 s at rest and 6 ϫ 5 and 12 ϫ 10 s during exercise. Exercise commenced 3 min before scanning to achieve a steady-state metabolic situation and continued until the end of imaging (for 2.5 min). Arterial blood was also sampled continuously during the PET scans with radioactivity detection (tracer content) for blood flow quantification. Voluntary exercise consisted of dynamic one-leg exercise in a supine position at 40 rpm (metronome) at an individually chosen workload with a knee extension range of motion of almost 90°. Dynamic muscular work for the quadriceps femoris muscle consisted of a lifting phase and a subsequent braking phase back to the starting position. Local muscle blood flow was measured in the whole thigh of both legs and in the quadriceps femoris muscle for exercising muscle blood flow determination.
The well-established method to measure blood flow with [ 15 O]H2O is based on the principle of inert gas exchange between blood and tissues developed by Kety and Schmidt (26) . The data analysis was performed using standard models (23) and methods (44) . [ 15 O]H2O represents an ideal PET tracer for the accurate quantification of nutritive blood flow of a muscle since it is freely diffusible, inert, and has a short half-life of 123 s, which also enables the sequential measurement of blood flow. The heterogeneity of blood flow (relative dispersion) was determined as voxel-by-voxel SD divided by mean blood flow within the region of interest as previously described (20) .
Local vascular resistance and conductance were calculated by dividing MAP with blood flow and blood flow with MAP, respectively. The O2 consumption of the muscle was calculated by the Fick principle. In addition, an incremental exercise test on an electrically braked cycle ergometer (Ergoline 800 S, Ergoline, Bitz, Germany) with respiratory gas exchange measurements (Oxycon Pro, Erich Jaeger) was performed to measure maximal O2 consumption (V O2max) and maximal workload.
Adenosine infusion. The femoral arterial infusion of adenosine was started 1 min before the PET scanning and continued until the end of the scan (6 min in total). The adenosine concentration (1 mg·min Ϫ1 ·l thigh volume Ϫ1 ) was based on the study of Radegran and Calbet (38) at rest and Barden et al. (2) during maximal exercise. This concentration has been shown to induce maximal femoral artery blood flow as measured with ultrasound Doppler. Blood flow was measured in milliliters per 100 g of muscle.
Magnetic resonance imaging. Magnetic resonance (MR) imaging (MRI) was performed 1 wk before the PET study to obtain an accurate Values are means Ϯ SD; n ϭ 9 male subjects.
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volume of the thigh ( Fig. 1 ) for the calculation of the infused drug dose. MR images displaying a high degree of soft tissue contrast were also used as an anatomic reference during the PET image analysis.
The MRI was performed with a 1.5-T MR system (Gyroscan Intera Nova Dual, Philips Medical Systems, Best, The Netherlands) using the quadrature body coil. High-resolution T1-weighted axial fast field (dual) echo images were obtained (slice thickness ϭ 5 mm without slice gap) of the entire area of the right thigh. These images were processed using volume-rendering software on a standard GE workstation (AW 4.4, GE Medical Systems, Milwaukee, WI). Reconstruction of the axial images in the coronal and sagittal directions allowed for highly accurate marking of the muscle tissue borders and final muscle volume calculation. Blood parameter analysis. Blood samples for blood gases were drawn in each study condition in the middle of PET measurements from the femoral vein and radial artery and were analyzed with a Radiometer ABL 835 blood gas analyzer.
Statistical analysis. Statistical analyses were performed with SAS 8.2 and SAS Enterprise Guide 4.2 programs. The normal distribution of the parameter was tested, and statistical comparisons were performed using two-way ANOVA for repeated measures. If a significant main effect(s) was found, paired differences were identified using the Tukey-Kramer post hoc procedure. Pearson's correlation coefficient was used to test relations between the parameters. Results are expressed as means Ϯ SD. P values of Յ0.05 were considered statistically significant.
RESULTS
Effects of the adenosine infusion at rest. Table 2 shows the effects of adenosine on heart rate, blood pressure, and blood O 2 levels. The infusion of adenosine into the femoral artery increased heart rate moderately compared with rest, but blood pressure was unaffected. The blood flow increase from baseline to adenosine varied from 5-to 30-fold individually (Fig. 3) . Adenosine increased muscle blood flow significantly, 14-fold on average, from 2.9 Ϯ 1.6 ml·100 g Ϫ1 ·min Ϫ1 at baseline to 40.0 Ϯ 7.2 ml·100 g Ϫ1 ·min Ϫ1 during adenosine (Fig. 4A) . In almost every subject, capillary blood flow values of over 400 ml·100 g Ϫ1 ·min Ϫ1 were seen in the deepest regions of the thigh musculature (Fig. 2) . Calculated total thigh muscle blood flow based on unit muscle flow ϫ thigh muscle volume was 0.16 Ϯ 0.06 l/min at rest and 2.3 Ϯ 0.6 l/min during the adenosine infusion. Vascular resistance decreased and conductance increased significantly during the adenosine infusion (Table 2) .
There were also large interindividual and intraindividual differences in blood flow distribution and heterogeneity in response to adenosine, as shown in Figs. 2 and 3. Blood flow heterogeneity increased in subjects who had relatively low resting heterogeneity, whereas subjects who had relatively high resting heterogeneity showed an opposite response (Fig. 5B) .
Arterial O 2 content remained similar to baseline during the adenosine infusion (Table 2 ), but venous O 2 content significantly increased, almost reaching the level of arterial O 2 content (P ϭ 0.07 for the difference between arterial and venous O 2 content). O 2 consumption of the leg remained unchanged (P ϭ 0.26), and, thus, there was an O 2 extraction of just 11 Ϯ 14 l/l (6 Ϯ 7%) during the adenosine infusion. Blood flow in the resting contralateral leg during the adenosine infusion was reduced to approximately one-third from a baseline value of 3.1 Ϯ 1.9 to 1.3 Ϯ 1.3 ml·100 g Ϫ1 ·min Ϫ1 (P Ͻ 0.001), whereas blood flow heterogeneity increased substantially at the same time (from 56 Ϯ 12% to 109 Ϯ 32%, P ϭ 0.02; Fig. 2) .
Effects of exercise. Blood pressure and heart rate increased during the knee extension exercise (Table 2) . Muscle blood flow in the quadriceps femoris muscle during exercise (36 Ϯ 9 ml·min Ϫ1 ·100 g Ϫ1 ) was higher than at baseline, and blood flow did not differ significantly between the adenosine infusion and exercise (Fig. 4A) , although a tendency for increased flow during the adenosine infusion was found (P ϭ 0.07). Blood flow heterogeneity in the quadriceps femoris muscle was, however, significantly higher during the adenosine infusion compared with exercise (Fig. 4B ). Vascular resistance decreased and conductance increased from baseline to exercise, and resistance was lower and conductance was higher with adenosine than during exercise ( Table 2) . A: the subject who showed the most uniform distribution response to adenosine. B: subject showing a "horseshoe" response to adenosine. Despite the lack of clearly increased perfusion near the bone, a maximal pixel blood flow value of 457 ml·100 g Ϫ1 ·min Ϫ1 was found in the highest blood flow areas, whereas the averaged thigh muscle blood flow was 49 ml·100 g Ϫ1 ·min Ϫ1 in this subject. C: differing from other nonuniform responses (B), one subject showed a response where the upper part of the quadriceps femoris muscle (one-third of the quadriceps femoris, the rectus femoris muscle in particular) was almost totally unaffected by adenosine. The blood flow was doubled from rest (as shown in the top black areas), but it was clearly less than in other parts. This subject also had a distinct O2 extraction response since venous O2 saturation remained 78%, whereas in all other subjects it was increased Ͼ94% during adenosine. This could be otherwise be interpreted as an increase in O2 consumption if this individual response has not been elucidated (Fick principle). In general, decreased perfusion and increased pixel-by-pixel heterogeneity is a universal response in the left (L) leg when adenosine is infused in the right (R) leg. Relationships between parameters. Blood flow during the adenosine infusion correlated significantly to systemic V O 2max (Fig. 5A) , but blood flow and O 2 extraction fraction at rest as well as heterogeneity at rest or during the adenosine infusion were all unrelated to V O 2max . Of note was that the O 2 extraction fraction correlated positively with blood flow heterogeneity at rest (Fig. 5C) but not during the adenosine infusion or exercise. The change in heterogeneity from baseline to the adenosine infusion tended to be inversely related to the change in magnitude of blood flow increase (r ϭ 0.62, P ϭ 0.09).
DISCUSSION
There were several important findings in the present study. First, we found that a local femoral arterial infusion of adenosine induced substantial individual changes in the distribution and magnitude of thigh muscle blood flow. Second, we found that the increase in total thigh muscle blood flow was substantially lower than previously reported using estimations from the femoral artery with the same dose of adenosine. This suggests that a large part of the increase in whole limb blood flow caused by the high-dose adenosine is conducted via non-nutritive pathways in the limb. Third, since blood flow heterogeneity differed significantly between adenosine and exercise despite mean blood flows being comparable, it is obvious that locally administered adenosine does not mimic exercise hyperemia in terms of capillary flow heterogeneity. It can be assumed that the observed changes in blood flow heterogeneity during exercise (20) likely reflect true changes in muscle fiber and vascular unit recruitment. Fourth, muscle blood flow heterogeneity correlated to O 2 extraction at rest but not during exercise (nor adenosine infusion), supporting the interpretation of a perfusion "luxury" during small muscle mass exercise in the leg. Finally, adenosine-induced muscle capillary blood flow was closely related to whole body V O 2max , suggesting that muscle capillary blood flow capacity may contribute to V O 2max in healthy untrained subjects.
This study is the first to show the effects of intra-arterially infused adenosine on blood flow distribution and heterogeneity within a human muscle. In the present study, only one dose of adenosine was chosen to be infused to limit the radiation exposure caused by the many PET measurements. The concentration was chosen to match with the dose previously shown to induce peak blood flow measured by ultrasound Doppler in the femoral artery (38) . The present study strongly supports previous findings showing that an adenosine infusion induces very heterogeneous blood flow responses (34, 50) . This was evident with regard to the magnitude of the blood flow increase between individuals as previously found, but especially for the local distribution of blood flow in the muscle (Fig. 2) . Interestingly, blood flow heterogeneity at rest was inversely related to the adenosine-induced change in heterogeneity (Fig. 3B ). This suggests that in subjects with low initial resting heterogeneity blood flow is increased mainly through already open vessels and capillaries, whereas in subjects with relatively high resting heterogeneity new vessels are opened by adenosine Fig. 4 . The effect of adenosine (ADO) and exercise (EXE) on quadriceps femoris muscle blood flow (A) and its heterogeneity (B). Adenosine increased mean blood flow to a similar level as exercise, but blood flow heterogeneity was significantly higher during the infusion than during exercise. *** P Ͻ 0.05 compared with rest; *P Ͻ 0.05 between adenosine and exercise. This finding can be suggested to stem from the differences in adenosine receptor densities in muscles (33) . Dense capillarity and resistance vessels are related to higher densities of adenosine receptors in endothelial cells and differences in muscle fiber type composition. This is also in agreement with the fact that very high blood flow values (ϳ400 ml·100 g Ϫ1 ·min Ϫ1 ) were seen in the deepest regions of thigh musculature, which are generally known to consist almost solely of red slow type fibers and to be rich in capillary supply.
Interestingly, the change in heterogeneity from baseline to the adenosine infusion tended to be inversely related to the change in magnitude of blood flow increase (r ϭ 0.62, P ϭ 0.09) and could well explain some of the individual variation for adenosine (34, 50) . It was also observed that muscle blood flow in the contralateral leg was reduced to one-third, and blood flow heterogeneity was enhanced substantially by adenosine (Fig. 2) . We interpret this as evidence of increased sympathetic vasoconstrictor activity, which is elevated in other muscular and nonmuscle vascular beds as well to redistribute blood efficiently to the central circulation. Increased sympathetic nerve activity during the adenosine infusion may also have blunted the blood flow responses in the infused leg, redirecting flow to less adrenergically innervated tissues such as skin and adipose tissue. The extent to which this occurred is not known from the present study. Adenosine has been shown to attenuate the effects of norepinephrine as a response to the stimulation of sympathetic nerve activity (10, 30, 47, 48, 52) . However, it is acknowledged that adenosine may not be the most powerful agent to blunt the sympathetic nerve activityinduced vasoconstriction (42, 43, 51) , and our muscle blood flow values in the infused leg may be confounded by this reflex neural response. In a previous study (45) , we similarly infused adenosine and also ATP into the femoral artery at rest and measured leg blood flow, vascular conductance, and arterial and venous pressures and made direct recordings of sympathetic nerve activity by microneurography (45) . Both adenosine and ATP induced a relatively similar increase in leg blood flow (5-6 l/min), but MAP was unchanged with adenosine, whereas with ATP there was a significant decrease. Consistent with this response, vascular conductance was significantly lower with adenosine compared with ATP. Importantly, the increase in muscle sympathetic nerve activity was similar with the two vasodilators. Taken together, these data indicate that compared with ATP, adenosine exerts a significantly weaker sympatholytic effect, and this likely affected the magnitude of limb blood flow in the present study. It can be concluded that adenosine is a potent vasodilator, but it has a limited sympatholytic effect, and, therefore, the reflex increase in sympathetic nerve activity may curtail the vasodilatory effect of A 1 and A 2 receptor activation.
It was not possible to perform ultrasound Doppler blood flow measurements simultaneously when performing PET imaging. However, we estimated the whole thigh total muscle blood flow based on the measured flow per mass (PET) and measured thigh muscle volume (MRI) to enable a comparison with previously published data (38) . Radegran and Calbet (38) reported a thigh (pressure cuff isolation of the calf) blood flow of ϳ8 liters during an infusion of adenosine of 1 mg·min Ϫ1 ·l thigh Ϫ1 , representing a 33-fold increase from baseline. The total thigh muscle capillary blood flow value observed in the present study was ϳ2.3 liters (a 14-fold increase), which is surprisingly low compared with that in the previous study and does not support our preliminary hypothesis that muscle would account for 80 -90% of whole thigh vasodilation during the adenosine infusion.
There are some possible factors that could affect this discrepancy. First, the subjects in the previous ultrasound study (38) had a greater body mass; thus, their thigh volumes were also greater. This difference seems not, however, to play a significant role since if our results are extrapolated to represent Fig. 5 . Relationship between thigh muscle blood flow during adenosine and systemic maximal O2 consumption (A), absolute change in heterogeneity during adenosine in relation to heterogeneity at rest (B), and relation of O2 extraction fraction and blood flow heterogeneity at rest (C). Adenosineinduced thigh muscle blood flow correlated significantly with maximal systemic aerobic power (A), suggesting an increased peripheral vascular capacity in fit subjects. Blood flow heterogeneity at rest was inversely related to the adenosine-induced change in heterogeneity (B). Blood flow heterogeneity was related to O2 extraction fraction irrespective of blood flow levels at rest (C) but not during adenosine or exercise.
the highest thigh volumes of 10 liters (as was the case in Radegran and Calbet's study) muscle would account for just ϳ3 liters of total thigh flow (ϳ76% of total thigh volume was muscle in the present study). It is noteworthy that when blood flow values from PET and ultrasound Doppler methodologies are compared at rest, total blood flows are almost exactly similar (0.22 and 0.23 l/min, respectively), which corroborates previous work showing the close connection between resting limb and muscle blood flow (39) .
Blood flow diversion to regions other than muscle cannot account for the difference in the calculated bulk blood flow to the whole limb compared with the study of Radegran and Calbet (38) . Therefore, non-nutritive routes (6, 7, 9, 36, 53) within the muscle tissue remain the one rational explanation for the large total blood flow differences (37) . Thus, the physiological non-nutritive shunt, which has been determined in various species to account for over 50% of muscle bulk blood flow at rest (18, 36) , could well explain the differences between these studies. Non-nutritive vessels in muscle are mostly capillary like rather than direct arteriovenous shunts (6) but, when dilated, are capable of carrying 16 times the flow of a typical muscle capillary (Poiseulle's law) since they are twice the diameter of muscle nutritive capillaries (15) . In addition to these non-nutritive shunt routes within the muscle mostly supplying connective tissue (see the aforementioned references), many of the vasa vasorum vessels ("vessels of the vessels") have long been known to constitute short direct arteriovenous shunts (31) . Contrary to bulk blood flow analysis, which combines both nutritive and non-nutritive flow, blood flow through these non-nutritive routes cannot be tracked with PET since there is no capillary level exchange of water molecules in non-nutritive vessels (28) .
From a methodological point of view, it cannot be totally excluded that during very high blood flow conditions, such as during an adenosine infusion, water molecules may not have time to reach equilibrium with the muscle cells, which would underestimate blood flow measured by PET. Nevertheless, this does not seem likely as very high capillary blood flow rates were mapped in high-flow areas near the bone, which are known to be very rich in capillaries, reaching values of over 400 ml·100 g Ϫ1 ·min Ϫ1 in almost all subjects, which are well in accordance with maximal exercise blood flow values (41) . Moreover, in cardiac PET measurements, radiowater has been used to measure even higher blood flow rates (ϳ500 ml·100 g Ϫ1 ·min Ϫ1 ), as also recently reported in our previous study (19) . Our findings are actually very reasonable in the light of leg blood flow during maximal one-leg knee extension, which usually is in the range of 6 -8 l/min and is confined to the quadriceps muscles, which comprise ϳ2.5 kg of muscle. By extrapolation to quadriceps volume, this gives maximal flow values of 250 -350 ml·100 g Ϫ1 ·min Ϫ1 muscle (1, 41) . Adenosine infusion has been reported to elicit similar limb flow values, but this flow is distributed to the whole leg, which comprises ϳ7-8 kg of muscle alone, meaning that by general estimate, maximal unit muscle blood flow evoked by adenosine is only ϳ100 ml·100 g Ϫ1 ·min Ϫ1 or less. Our flow values of 40 ml/100 g muscle Ϫ1 with an adenosine infusion are lower than the rough estimates provided from the other studies but nonetheless are direct measurements at the capillary level within the muscle. Taken together, it is obvious that adenosine does not account for the patterns of blood flow observed during voluntary exercise. Moreover, other vasodilator candidates and factors such as perfusion pressure (driving force), the mechanical effects of contraction and thus effective venous return, and work efficiency are of importance for reaching the high blood flows observed during exercise (29) .
Considering the findings of exogenously infused adenosine it is important to discuss the physiological importance of adenosine. First of all, the results strongly suggest, although indirectly, that adenosine is a potent vasodilator not only for muscle but also for skin and adipose tissue and, potentially, bone. Second, the suggestion that adenosine seems to also induce increases in non-nutritive shunt blood flow in muscle raises some concerns about vasodilator studies in general with regard to infusions planned to mimic exercise hyperemia, if precise matching of metabolism and blood supply is "detached" and bulk blood flow is indeed enhanced, but it flows through non-nutritive routes. In this respect, a body of evidence has indicated that several vasodilators (such as adenosine, among others), when infused exogenously, exclusively increase non-nutritive blood flow, which results in a higher total bulk blood flow (7). However, it must also be emphasized that adenosine also increased muscle nutritive blood flow substantially in the present study, especially in the deep muscle regions. Additionally, these findings do not necessarily indicate that non-nutritive vascular pathways are not of importance in the regulation of vascular function during exercise (blood pressure regulation, etc.).
In the present study, by comparing pharmacologically induced and exercise-induced blood flow, one objective was to gain insight into whether the often-observed decrease in blood flow heterogeneity from rest to exercise (20) represents a recruitment of vascular units and muscle fibers rather than increased blood flow per se. Since it was found that adenosineinduced blood flow was comparable with exercising muscle blood flow, but heterogeneity was significantly higher during adenosine (Fig. 4) , it is proposed that changes in exerciseinduced heterogeneity in humans indeed likely reflect the changes in muscle fiber and vascular unit recruitment in exercise (22) . It is also likely that blood flow heterogeneity reflects the extent of matching O 2 supply to cellular metabolism, as our finding of a tight relationship between blood flow heterogeneity and O 2 extraction fraction at rest suggests (Fig. 5C) . However, the heterogeneity changes were not correlated with O 2 extraction during exercise, which suggests that the matching of flow to metabolism is not precise and that there is a flow luxury during exercise with a small muscle mass. This finding is in agreement with the fact that microvascular units are not precisely matched to motor units (13, 14) and vascular units are perfused rather abundantly compared with heterogeneously recruited muscle fibers during submaximal exercise. Moreover, during maximal exercise of a small muscle mass, there always appears to be some reserve in O 2 extraction fraction, which is not explained by a too-short red blood cell transit time (41) . Also during submaximal knee-extension exercise, pharmacologically reduced bulk blood flow can well be compensated for by increased O 2 extraction (35, 38) , meaning that the O 2 reserve is not completely exploited.
Finally, adenosine-induced muscle capillary blood flow was found to be closely related to whole body V O 2max (Fig. 5A) . This is in agreement with the previous limb findings in nontrained individuals (40, 49) , although exercise training has been shown to cause a dissociation between flow capacity and maximal aerobic power (21) . It is noteworthy that due to the radiation exposure limits we were not able to perform true dose-response curves for flow capacity determination but relied on previously determined maximal flow response (38) . Our finding, however, still supports the concept that blood flow capacity is largely determined by the amount of muscle capillaries and resistance vessels since adenosine is assumed to dilate all the vessels and the PET-radiowater method only measures muscle nutritive capillary blood flow. Cardiac output comprises the primary determinant of V O 2max based on comparisons of maximal unit muscle blood flow between small and large muscle mass exercise. In this context, it follows that the ability to vasodilate activated muscle vasculature would maximize muscle diffusion capacity for the available blood flow during whole body exercise.
In conclusion, the femoral arterial infusion of adenosine induces substantial individual changes in the distribution and magnitude of thigh muscle blood flow. A substantial part of the increase in whole thigh blood flow caused by high-dose adenosine is conducted to other tissues of the limb or physiological shunts. Since blood flow during the adenosine infusion and control exercise were at the same level but flow heterogeneity differed significantly, it indicates that often observed changes in blood flow heterogeneity during exercise are not simply due to increases in blood flow per se but likely reflect true changes in muscle fiber and vascular unit recruitment. Thus, the pattern of capillary blood flow induced by voluntary exercise is a complex process that cannot be mimicked by vasodilator infusion.
